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FIELD OF THE T NVENTION 

The present invention reiates generally to the field 
of semiconductor materials and de vioes, and more speoi fiC a lly to 
semiconductor materials and devices having an "artificial- 
energy band comprised of deep-ievel states. 

BACKGROUND np tup T.„ T|ITTn|I 

AH semiconductor materials are characterized by an 

the difference between the conduction-band edge (Ec) and the 
valence-band edge (Ev) . A deep-ievei state is defined as a state 
having an energy level at ieaat 0.05E, above the vaience-band 
edge and at ieast O.OSE, beiow the conduction-band edge. 

A deep-ievel state can arise from a bound state of a 
substitutions imp U r ity , an antisite, a vacancy on a lattice- 
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site, an interstitial impurity, a dislocation, or a complex 
comprised of two or more deep-centers. For decades, 
semiconductor device designers have viewed deep-level states as 
something to be avoided, as their presence can degrade the 
5 performance ( e.g. , gain, speed) of many devices. As a result, 
traditional semiconductor processing techniques almost always 
seek to eliminate or minimize deep-level states. 

At present, devices based on deep-level transitions 
are not being pursued because of widely-held beliefs that: 
10 (1) optical-selection rules forbid deep-level-to- 

conduction band transitions; 
(2) direct optical transitions (involving no phonons) from 
a deep-level to either the conduction or the valence 
band are very weak; 
15 (3) phonons are required for deep-level-to-conduction- 

band, deep-level-to-valence-band, or deep-level-to- 
deep-level transitions (and that such phonon-assisted 
optical transitions are too unreliable, too weak, too 
irreproducible, or too temperature-dependent for use 
20 in devices) ; and, 

(4) deep-levels always represent nonradiative 

recombination centers, and are not useful for optical 
or electrical devices. 
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Notwithstanding these commonly-held beliefs, devices 
based on deep-level transitions offer the potential to meet 
several long-felt, yet unsatisfied, needs in the art. In 
optoelectronics, for example, achieving a high degree of 
5 integration of electronics with optical devices is a long- 
desired, yet elusive, goal. GaAs circuits have achieved a very 
high degree of integration of electronic devices, but 
conventional GaAs optical devices operate at the 0.85 ]om 
wavelength. In contrast, conventional InGaAs optical devices 

10 operate at the fiber optics wavelength of 1.3-1.5 |im. However, 
InP circuits have not achieved a level of device integration 
which is anywhere near that of GaAs device integration. InP 
device integration is still near its infancy. At present, the 
lack of very large scale monolithic integration of InP circuits 

15 with InGaAs optical devices has meant that some parts of optical 
modules are actually put together by hand (or with flip-chip 
bonding) , which is very expensive indeed. Development of 
optically-active deep-level devices (that operate at fiber optic 
wavelengths) offers the potential to break this integration 

20 bottleneck, and enable monolithic integration of electronic and 
optoelectronic components on a single GaAs substrate. This is 
potentially a multibillion dollar industry. 

Another long-felt, but unfulfilled need, exists in the 
manufacture of inexpensive light-emitting diodes ("LEDs") . At 
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Present, GaP accounts for about half the „ orld , s ^ 
expound semiconductor substrates. These GaP substrates are 
usee as lar g e ( ei g ht-i„ch, substrates for v isibl e (red, g reen 
and yeliow, LEDs. Such LEDs are fabricated on a lattice-matched 
5 substrate, then transferred to a GaP substrate. ,Por example, . 
red m G aP LED is removed from its GaAs substrate b y epitaxial 
Uft-off, and then transferred to a GaP substrate., But this 
Process of epitaxial Hft-off and transfer to a Gap substrate 
substantially increases cost and lowers yield. The ability to 
1» fabricate visible LEDs directly on a G aP substrate ,by usin g 
oeep-level states, would obviate the need to remove LEDs from 
their ordinal substrate and transfer LEDs to the GaP substrate 
thus solvin g a lon g -standi„ g problem in the multi-billion dollar 
LED industry. 

5 Deep-level devices also offer the potential for 

intention of fiber optic components with Si electronics. For 
example, a deep-level device operatin g at 1.5pm on GaAs could be 
intonated with Si electronics usin g Motorola's GaAs-on-si 

technolo gy . Alternatively, deeo-level 

y. ceep ievel devices on Gap substrates 

could be i„te g rated with si usin g , for example, Oax Rid g e 
National Laboratory- s semiconductor-o„-oxide-on-semiconductor 
technolo gy , since GaP and si have the same lattice constant 
«S.45 an gs troms,. The ability to effectively inte g rate fiber 
optic components with si electronics would have tremendous 



936178vl 



- 4 - 



market potential. This wouid be , multl _ trimon ^ 
industry. 

The invention, as described below, addresses these and 
other needs. 



5 SUMMARY OF THE INVENTTTnM 

m general terms, the invention relates to the design 
fabrication, and use of semiconductor devices that employ deep- 
level transitions ( i^, deep-level-to-conduction-band, deep- 
level-to-valence-band, or deep-level-to-dee P -level, to achieve 
10 useful results. To facilitate the "engineering" of useful 

devices based on deep-level transitions, it i s important to (i) 
dispel the traditional ,and pervasive, misunderstandings about 
deep-center transitions and p rovi d e a reliable analytical 

-del to predict the device-relevant properties o, such 
15 transitions. 

Contrary to traditiona! thinking in the art , ^ 
inventor has discovered that: 

<D optical-selection rules do not forbid deep-level-to- 
conduction-band or deep-level-to-valence-band 
transitions; 

<2> direct optical transitions fro. a deep-level to either 
the conduction or the valence band are inherently 
strong; 



20 



936178vl 



- 5 - 



20 



(3) phonons are nnf v~ • 

n0t re< iuired for deep-level-to n , 
hariH . P 6Vel to -conduction- 

band, cleep-level-to-v a i 0 r, u 

valence-band, or deep-level-to- 
deep-level transitions; 

transitions, the total 

total strength of the optical 

transition (intear^t^ 

9 "'^ ° Ver i- independent of 

the presence of p ho „ ons (i e „. 

* h °"°™ may change the 

0 

-«n, thof the optica: transition, ; and , 
(5) deep-levels need nnt =i 

r fUncti - - nonradiative 

recombination centers h„f 

function as the upper or Tow u 

PPer or lower band of a radiative 
optical transition. 

A principal aspect of ti, Q • 

„.„„„ , " «•«... 

..... ...... ,17";™ — • ~ - - 

the deep-stat* : means tha t 

as an enerav k ^ . P ' but r ^ther 

energy b and through which 

Advantageously, the deep-level . 

radi,f ^ergy-band may facm 

dl " 1Ve trMSiti - — as either the npp er or loM 
o* - optical transition. 



936178vl 



- 6 - 



In accordance with one aspect of the invention, design 
of useful deep-level devices is facilitated by a novel, eight- 
band k*p model of deep-center states. This model exhibits good 
agreement with experimental measurements, and allows device 
5 designers to predict both the size and spectral shape of the 

strength of deep-level optical transitions to (i) the conduction 
band and/or (ii) the valence band, as well as (iii) optical- 
selection-rules, (iv) and the spatial extent of the deep-level 
bound state, (v) for a wide variety of deep-levels in a wide 

10 variety of (small and large bandgap) semiconductors. 

In accordance with another aspect of the invention, a 
deep-level semiconductor device may include: (i) a semiconductor 
host material, having a valence-band energy, E v , a conduction- 
band energy, E c , and an energy gap, E G ; (ii) an optically-active 

15 region, formed in the host material, the optically-active region 
having one or more deep-level state (s) with energy at least 
0.05E G above E v and at least 0.05E G below E c ; and (iii) means 
( e.g. , one or more regions abutting the optically-active region) 
for injecting carriers into the optical region to produce 

20 optical transition (s) between one or more of the deep-level 
state (s) and the conduction- or valence-band of the host 
material. The host material may comprise a direct or indirect 
bandgap semiconductor material. The host material may also 
comprise an elemental semiconductor material (such as Si, Ge, C, 

- 7 - 

936178vl 



and Sn) , a binary compound semiconductor material (such as GaAs, 
GaN, SiC f ZnS, ZnSe f PbS, PbSe, CdTe, HgTe, InAs, InSb, GaP, 
SiGe, or InP) , a ternary compound semiconductor material (such 
as InGaN, AlGaN, InAIN, InGaSb, InSbAs, HgCdTe, InGaAs, InGaP, 
5 or AlGaAs) , or a quaternary compound semiconductor material 

(such as InGaAIN, InGaAsN, AlGaAsN, InGaAsSb, PbSnSSe, HgCdTeSe, 
InGaALAs, InGaAsP, or AlGaAsP) . Where injected carriers produce 
deep-level-to-valence-band transitions, the means for injecting 
carriers preferably injects carriers into both the deep-level 

10 state (s) and the valence band. Where injected carriers produce 
conduction-band- to-deep- level transitions, the means for 
injecting carriers preferably injects carriers into both the 
deep-level state (s) and the conduction band. The means for 
injecting carriers may comprise one or more of: an n-type 

15 region; a p-type region; a metallic region; an oxide region; a 
Schottky contact; and/or, a region of semiconductor material 
different than the host material. The deep-level state (s) in the 
optically-active region are created, at least in part, by one or 
more of the following: substitutional impurities (such as Cr 

20 substitution at anion sites in the host material, Fe 
substitution at anion sites in the host material, or 0 
substitution at anion or cation sites in the host material) ; 
antisites (such as cation-on-anion sites or anion-on-cation 
sites in the host material) ; vacancies (such as cation or anion 



- 8 - 



vacancies in the host material) ; interstitials (such as anion or 
cation or substitutional impurity at an interstitial site) ; 
dislocations in the host material; and/or complexes formed from 
two or more deep-centers (for example, substitutional 
5 impurities, antisites, vacancies, interstitials, or 

dislocations) ♦ The GaAs host material may be used to produce 
optical transition wavelength (s) in the range of 1.3 - 1.55 pm. 
Such deep-level devices may be integrated with a plurality of 
GaAs MESFETs on a single GaAs substrate, or integrated with a 

10 plurality of Si semiconductor devices. Deep-level semiconductor 
devices may also be realized on GaP host material that is grown 
on a lattice-matched Si substrate, where the Si substrate also 
supports a plurality of monolithically-f abricated Si 
semiconductor devices. The GaP host material may be used to 

15 produce optical transitions at wavelengths in the visible range, 
as well as in the range of 1.3 - 1.55 jam. 

According to yet another aspect of the invention, a 
method for making a deep-level, optically-active semiconductor 
device may involve: (i) providing a semiconductor host material, 

20 having a valence-band energy, E v , a conduction-band energy, E c , 
and an energy gap, E G = E c - E v ; (ii) processing a region of the 
host material to create an optically-active region wherein a 
conduction-band-to-deep-level or deep-level-to-valence-band or 
deep-level-to-deep-level transition produces light of a desired 
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wavelength; and (iii) abutting the optically-active region with 
one or more material (s) selected to enhance carrier transport 
that supports the desired light-producing transition . Providing 
a host material may involve growing an elemental semiconductor 
5 material, growing a binary compound semiconductor material (such 
as GaP grown on a Si substrate), growing a ternary compound 
semiconductor material, growing a quaternary compound 
semiconductor material, or growing a more complex compound 
semiconductor material comprised of more than four constituent 

10 elements. Processing a region of the host material to create an 
optically-active region may involve one or more of the 
following: growing the optically-active region under low- 
temperature growth conditions; adjusting growth conditions to 
introduce substitutional deep-impurities; adjusting conditions 

15 to favor nonstoichiometric growth (anion-rich or cation-rich 

conditions) ; adjusting growth conditions to introduce antisites 
while growing the optically-active region; adjusting growth 
conditions to introduce vacancies while growing the optically- 
active region; adjusting growth conditions to introduce 

20 dislocations while growing the optically-active regions- 
introducing interstitial impurities while growing the optically- 
active region; and/or undergoing one or more heat treatments. 
Abutting the optically-active region with a material selected to 
enhance carrier transport may involve abutting the optically- 
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active region with one or more material (s) that enhance (s) 
carrier transport into both upper and lower states of the light- 
producing transition, such as: an n-type material; a p-type 
material; a metal; an oxide material; or a semiconductor 
5 material different from that of the optically-active region. 
For increased device efficiency, the materials abutting the 
optically-active region are preferably chosen to maximize 
carrier injection into the upper and lower states of the optical 
transition, as well as to minimize carrier injection into any 
10 energy levels which do not participate in the optical 
transition. 

Still further aspects and advantages of the instant 
invention will become apparent in light of the figures, 
description and claims which follow. 

15 BRIEF DESCRIPTION OF THE FIGURES 

Certain aspects of the present invention are 
illustrated in the accompanying set of figures, which is 
intended to be illustrative rather than limiting, and in which: 
Figure 1 illustrates typical deep-level interactions 
20 in conventional p-n junction semiconductor 

devices; 
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Figure 2 dep lcts an exemplary band structure for a 
semiconductor device having an "artificial" 
energy band comprised of deep-level states; 
Figure 3 shows the use of a Schottxy contact to inject 
electrons into a deep-level energy band and holes 
into the valence band from the p-region; 
Figure , illustrates the use of Schottty contact to 

inject electrons into a deep-level energy band o, 
an exemplary optical detector; 
Figure 5 iuustrates several electron/hole transport 
Processes for an illustrative deep-level optical 
emitter; 

Figure 6 depicts an exemplary CDCH Auger process; 
Figure 7 depicts an exemplary DDCH Auger process; 
Figure 8 illustrates a band structure useful in § 
suppressing certain DDCH Auger processes; 

Figure 9 shows an Ulnst-r^-i™ ^■ 

illustrative alignment between bands 

of a carrier-injecting contact and a host 

semiconductor material; 
Figure 10 shows deep-levels which form an energy band 
"hich is closer to the valence-band than to the 
conduction-band; 



936178vl 



- 12 - 



Figure 11 shows deep-levels which form an energy band 
which is closer to the conduction-band than to 
the valence-band; 

Figure 12 shows a semiconductor having three layers 

(A, B, C) , where one layer (layer B) has many more 
deep-levels, than the other two layers (layers A 
and C) ; 

Figure 13 shows a XS TST" device (a top-contact- 
semiconductor-top-contact device) ; 

Figure 14 shows the equivalent circuit of a TST device 
in which the substrate is p-type; 

Figure 15 shows the equivalent circuit of a TST device 
in which the substrate is n-type; and, 

Figure 16 shows a semiconductor deep-level device, in 
which direct electrical contact is made to the 
top side of the deep-level region via both a 
N% TOP CONTACT" and a NX Contact Layer," and 
direct electrical contact is made to the bottom 
side of the deep-level region via both the 
x v Substrate' ' and a v "BOTTOM CONTACT. ' ' 



DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

Conventional behavior is illustrated in Figure 1. In 
a conventional p-n junction, electron transport occurs through 
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the conduction band, and hole transport occurs through the 
valence band. (This transport through a conventional p-n 
junction is indicated by the solid arrows.) In a conventional 
p-n junction, deep-levels act as nonradiative recombination 
5 centers. (This is indicated by the dotted arrows, which show 
the trapping by deep-levels of electrons from the conduction 
band and holes from the valence band.) 

Figure 2 shows a band diagram for an exemplary deep- 
level optical emitter. In this device, an optical transition 

10 occurs between the deep-level (indicated by the dashed line) and 
the valence-band. Electrons are injected into the deep-level 
from the n-type region, whereas holes are injected from the p- 
type region into the optically-active central region. 

In Figure 3, the efficiency of the deep-level optical 

15 emitter is improved through the addition of a Schottky contact 
carrier-injection means. Through advantageous band alignment, 
the Schottky contact injects electrons into the deep-level band 
and holes are injected into the valence band from the p-region, 
thus supporting the desired deep-level-to-valence-band optical 

20 transition. 

For maximal efficiency, carriers should be injected 
into only the upper-state and only the lower-state of an optical 
transition. ( I.e. , few carriers should end up in states not 
involved in the optical transition.) As depicted in Figures 2- 
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3, an efficient emitter injects electrons into only the upper 
state of the optical transition and injects holes into the lower 
state of the optical transition. (Both optical processes and 
nonradiative processes try to depopulate the upper state and 
5 populate the lower state of the optical transition.) 

Figure 4 provides an exemplary band diagram for an 
efficient optical detector that injects electrons into only the 
lower-state of the optical transition, and collects electrons 
only from the upper-state of the optical transition. An 

10 efficient carrier-injection mechanism is provided by the 

Schottky contact, whose energy-band lineup with respect to the 
host semiconductor is shown. 

An efficient optical detector should inject carriers 
into only the lower state of the optical transition (since this 

15 lower state would be depopulated by the optical transition) . 
This is indicated schematically in Figure 4. 

Efficient optical emitters and detectors need only two 
of the three bands (valence band, conduction band, and deep- 
level band) to be populated with electrons and holes: 

20 specifically, the two bands that correspond to the upper and 
lower states of the desired optical transition. Large 
populations in all three energy bands will reduce efficiency, 
since only two of the three bands actually participate in the 
optical transition. Consider, for example, Figure 5: here, it 
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is desirable t0 inject electrons deep _ ievei a ^ ^ 

xnto the valence band. The dashed a „ ows show ^ 
reduce the efficiency o f the optical enitter . Such 
include significant inaction o£ electrons ^ ^ 
5 fand .instead of the deep-level,, and significant injectlon Qf 
holes into the deep-level (instead o f the valence-band, . The 
Presence o f a large number o f conduction-band electrons also 
increases the nu^er of possible Auger processes. 

Large carrier populations in all three energy bands 
10 increase undesirable Auger rates, which depopulate the upper 
state of an optical transition and populate the lower state of 
an optical transition. This is shown ln Figures 6 ^ ? ^ 
the depicted optical emitters, it is desirable to inject 
electrons into the deep-level and holes into the valence band 
15 But the depicted Auger processes frustrate this goal. 

in Figure 6, the dashed arrows show one particular 
Auger .ecbanis*: the -duction-band-deep-level-conduction-band- 
nole (CBCH, Auger process. As a result of this COCH Auger 
Process, the two initial electrons ( one in the conduction band 

20 and one in the deep-level) end up as a hi„h 

no up as a high-energy electron in 

the conduction band and an electron in the valence band. The 
Presence of a large nu*er of conduction-band electrons 
increases the rate of this Auger process. Thus , lt is 
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preferable to minimize the injection of electrons into the 
conduction band in this particular emitter. 

The dashed arrows in Figure 7 show another Auger 
mechanism: the deep-level-deep-level-conduction-band-hole (DDCH) 
5 Auger process. Here, the two initial electrons (both in the 
deep-level) end up, respectively, as an electron in the 
conduction band and an electron in the valence band. 

For devices utilizing deep-level-to-valence-band 
transitions, certain Auger processes can be suppressed by 

10 designs that place the deep-level below mid-gap. As shown in 

Figure 8, energy conservation forbids those DDCH Auger processes 
which result in low-energy holes. Thus, some of the DDCH Auger 
processes are suppressed. For devices utilizing deep-level-to- 
conduction-band transitions, certain Auger processes can be 

15 suppressed by designs that place the deep-level above mid-gap. 
In such cases, by analogy to Figure 8, energy conservation 
forbids those DDCH Auger processes which result in low-energy 
electrons. Thus, some of the DDCH Auger processes are 
suppressed. 

20 Figure 9 depicts a preferred band alignment in 

accordance with the invention. For efficient current injection, 
the electrical contact to the upper energy level should have a 
Fermi level which is closer to the upper energy level than it 
(the contact Fermi level) is to the lower energy level or to any 
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irrelevant energy bands (either the conduction or the valence 
band, whichever is not involved in the transition) or to any 
other irrelevant deep-levels. 

Figure 10 shows deep-levels which form an energy band 
5 which is closer to the valence-band than to the conduction-band. 
This is useful for devices, as its function is to artificially 
vs raise' ' the valence-band edge. 

Figure 11 shows deep-levels which form an energy band 
which is closer to the conduction-band than to the valence-band. 
10 This is useful for devices, as its function is to artificially 
SN lower 7 ' the conduction-band edge. 

Figure 12 shows a semiconductor having three layers 
(A,B,C), where one layer (layer B) has many more deep-levels 
than the other two layers (layers A and C) . The deep-level 
15 concentrations in each of the different layers (layers A, B,C) 
can be changed by: 

(a) changing the substrate growth temperature (lowering 
the growth temperature during layer B) , or 

(b) changing the growth rate (lowering the growth rate 
20 during layer B) , or 

(c) a combination of lowered growth rate at lowered growth 
temperatures. 

An abrupt change in deep-level concentration can be implemented 
by an abrupt change in growth rate, which is easily accomplished 
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with the techniques of molecular beam epitaxy (MBE) or metal- 
organic-chemical-vapor-deposition (MOCVD) . 

Figure 13 shows a VV TST" device (a top-contact- 
semiconductor-top-contact device) . A TST device is defined as a 
5 semiconductor device wherein two or more of its electrical 

contacts are located directly on the top surface of the sample. 
By locating two or more electrical contacts directly on the top 
surface of the sample, this device is very easy to fabricate. 
(Processing this device could involve only one lithographic 
10 step. One procedure would involve deposition of a metal, oxide, 
or semiconductor layer, then a lithographic mask step, followed 
by an etch of the excess metal, oxide, or semiconductor layer. 
Another procedure would involve a lithographic mask step, 
followed by deposition of a metal, oxide, or semiconductor 
15 layer, and then liftoff of the excess metal, oxide, or 
semiconductor layer.) 

Figure 14 shows the equivalent circuit of a TST device 
in which the substrate is p-type. 

Figure 15 shows the equivalent circuit of a TST device 
20 in which the substrate is n-type. 

As in conventional metal-semiconductor-metal (MSM) 
devices, TST devices connect in series one forward-biased 

junction (Dp) with one reverse-biased junction (Dr) , as shown in 
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Figures 14 and 15. If the deep-level-region-to-substrate 
junction is designed to operate in reverse-bias, then the 
forward-biased junction is operated merely as a resistor. If 
the deep-level-region-to-substrate junction is designed to 
5 operate in forward-bias, then the reverse-biased junction should 
be a leaky junction and is operated merely as a resistor. 

The nature of carrier injection into the semiconductor 
deep-level device depends on the nature of the electrical 
contacts. Deep-level emitters may be more efficient when one or 

10 more of the electrical contacts has a nonlinear current-voltage 
characteristic. Specifically, deep-level devices are likely to 
be efficient when one or more of the electrical contacts has a 
sharply increasing and nonlinear current-voltage characteristic. 
(In other words, when the current is a nonlinear function of 

15 voltage across one or more electrical contacts, or when the 
current across one or more contacts increases sharply as a 
function of voltage, devices are observed to be more efficient. 
For example, this occurs when one contact is not ohmic, but 
exhibits a diode-like current-voltage characteristic.) 

20 Figure 16 shows a semiconductor deep-level device, in 

which direct electrical contact is made to the top side of the 
deep-level region via both a sx TOP CONTACT'' and a * "Contact 
Layer, ' ' and direct electrical contact is made to the bottom 
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side of the deep-level region via both the ■ 'Substrate- and a 
v v BOTTOM CONTACT . ' ' 

Deep-level devices can often be operated under both 
voltage polarities: the voltage at the top contact (labelled 
S "TOP CONTACT' ' in Pigure 16) _ fce ^ ^ 

with respect to the voltage at the bottom contact (labelled 
"BOTTOM CONTACT' ' in figure 16,. , This is ln sharp contrast ^ 
conventional semiconductor devices. Normally, pn- 3 unctio„s are 
operated under just one voltage polarity: forward bias for light 
10 emitters, and reverse bias for photodetectors. in accordance 
with the invention, however, deep-level devices (light emitters, 
detectors, and other two-terminal devices, can be operated under 
either forward or reverse bias., This will strongly influence 
how semiconductor deep-level devices will be operated and 
15 fabricated. (it win make semiconductor deep-level devices more 
flexible to operate and easier to fabricate., 

Both the sign and the magnitude of the operating 
voltage can be used to change the optical properties of the 
semiconductor deep-level device. ,l„ other words , both ^ slgn 
20 and the magnitude of the operating voitage can be used to 
ohange: the selection-rules, the strength, and the spectral 
shape of the optical transitions in a deep-level device., 

In accordance with the invention, the energy of a 
deep-level optical transition can be selected by: 
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changing the energy of the deep-level within the 
bandgap of the host semiconductor material/ 
changing the particular deep-center itself ( e.g. , 
changing the particular substitutional impurity, 
antisite, vacancy, interstitial, dislocation, or 
complex formed from two-or-more of these) / 
changing the bandgap energy of the host 
semiconductor material ( e.g. , using different 
elemental or compound semiconductors (binaries, 
ternaries , quaternaries, or any other compound 
semiconductor) ) ; 

changing the doping of the host semiconductor 
material which contains the deep-centers ( i .e. , 
doping the host semiconductor p-type moves the 
Fermi-level closer to the valence-band, and doping 
the host semiconductor n-type moves the Fermi-level 
is closer to the conduction-band; the position of 
the Fermi-level determines the population 
distribution of the different ionization states of 
the deep-centers, and also determines the energy of 
the peak in the optical spectrum) ; and/or, 
heat treatments, which may affect the spectrum 
(density of states) or position of the deep-levels. 
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The host material should be chosen to have a bandgap 
greater than the desired optical transition energy. The exact 
choice of the bandgap of the host material will also depend on 
where within the bandgap (closer to the conduction- or valence- 
5 band) one wishes to place the deep-level (s) . The choice of a 
particular host material will also depend on the application. 
For monolithic integration with either Si or GaAs electronics, 
the host material could be chosen to be either Si or GaAs or 
GaP. 

10 Introduction of deep-centers into the host material or 

the ensuing device fabrication may place many deep-levels 
throughout the bandgap of the host material. Besides the upper- 
and lower-state of the optical transition, there may be other 
energy-levels which are unrelated to the electrical or optical 

15 properties of the device. ' 

In both electrical and optoelectronic devices, it is 
important to minimize any energy-levels which exist between the 
relevant upper- and lower-states (the v ' artificial" conduction- 
and valence-bands) . Any energy-levels which exist between the 

20 relevant upper- and lower-states (the ^artificial" conduction- 
and valence-bands) act as nonradiative recombination centers. 

The relevant upper- and lower-states of the device 
should be chosen to have very few enery-levels between them. 
(I.e., the device should be designed to have a very small 
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-nsit y -of-states betwee „ the wer _ ^ iower _ states 
to the device) . 

Figure, i, and „ show examples of ^ ^ ^ ^_ 
levei desi g „. since there is , ^ density . o£ _ states ^ ^ 
= leveis between the dcninant-deep-ievei-band and ^ ^ 
^ Fi g ure U, the vaience-band-to-.eep-ievei transition in 

low densit y -of-states for deep _ levels ^ ^ ^ 

levei-b and and ths con dU ction-ban d , th£ C on duc tion-ban d -to- d eep- 
10 levei transition in Figure 10 is useful ln 

K there is 3 ust a single deep-level-ener gy - band 
within the ban dga p of the host ^ 

ban d sho Uld he place. as f „ as ^ ^ 

ener gy -han d in ord er to re d nce the n^ber of possihie Auger 

15 Pr ° CeSSeS - ™*< *» °^r to re duce the number of 

Possible flug er processes in deviC es utuaing . 

to-deep-level transition, the deep-level-band shou ld be placed 
near the condnction-ban. and tar fro n the v al ence-ban d 
Si»ilar ly , in orCer to re d uce the number o f possibie Aug er 
- processes in d evices U tili zing . valence-band-to- d eep-level 
transition, the d eep-level-band shoul d be p laC e d near the 
valence-band and far fro, the con d uction-ban d . 

if there are Just two oo m inant- d eep-level- e ner gy -bands 
Wlthln bMd - P ° f "» *»* -teriai, then both dominant- 
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deep-level-energy-bands should be placed as far as possible from 
both the conduction- and valence-bands (both of which are now 
irrelevant energy-bands) in order to reduce the number of 
possible Auger processes. For example, in order to reduce the 
5 number of possible Auger processes in devices utilizing a deep- 
level-to-deep-level transition, both deep-levels should be 
placed near midgap, away from both the conduction- and valence- 
bands. The separation between the two deep-level-energy-bands 
is preferably less than 1/3 of the bandgap energy of the host 

10 semiconductor. In other words, if E£,Ey,E2, anci E l' are ' 

respectively, the conduction-band edge, the valence-band edge, 
and the upper and lower deep-levels, then the deep-levels should 

be chosen such that both EQ-E2 and E]_-Ey are substantially 

larger than E2~E]_ in order to reduce the number of possible 

15 Auger processes. 

Ideally, one would like to fill the dominant-deep- 
level-energy-band directly: For example, by carrier injection 
into the dominant-deep-level-energy-band from a contact whose 
Fermi-level is at about the same energy as the dominant-deep- 

20 level-band, followed by efficient carrier transport through the 
dominant-deep-level-energy-band. However, if the dominant-deep- 
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level-energy-band cannot be filled in this ideal manner, one can 
invoke the more conventional carrier transport through both the 
conduction- or valence-bands followed by carrier relaxation into 
the dominant-deep-level-energy-band from either the conduction- 
5 or valence-bands. The presence of many deep-levels between the 
dominant-deep-level-energy-band and the conduction- (or valence- 
) bands increases the efficiency of carrier relaxation into the 
dominant-deep- level-energy-band from the conduction- (or 
valence-) bands. 

10 This is shown in Figures 10 and 11. If the density- 

of-states of deep-levels is as shown in Figure 11, then it is 
desirable to design devices for the dominant-deep-level-to- 
valence-band transition, since there are very few energy levels 
between the dominant-deep-level-energy-band and the valence- 

15 band. Moreover, the dominant-deep-level-energy-band can be 

filled from the conduction-band, if carrier relaxation from the 
conduction-band into the dominant-deep-level-energy-band is 
fast: this is likely to be true if there are many deep-levels 
located between the conduction-band and the dominant-deep-level- 

20 energy-band. 

Similarly, if the density-of-states of deep-levels is 
as shown in Figure 10, then it is desirable to design devices 
for the dominant-deep-level-to-conduction-band transition, since 
there are very few energy levels between the dominant-deep- 
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level-energy-band and the conduction _ band ^ 

do m inant-deep-level-energy-band can be fiUed ^ 
band, if carrier relaMtion valence _ fcand into ^ 

5 true if there are »any deep-ievels located between the valence- 
band and the dominant-deep-levei-energy-band. 

in deep-level optoelectronic devices, the relative 
strengths of the deep-level-to-deep-level, deep-level-to- 
conduction-band, and deep-level-to-valence-band transitions ran, 
- as follows: Zf the final state is the conduction-band or a state 
near the conduction-band, then the transition strength is 
stronger if the initial state is closer to the valence-band 
S^larly, if the final state is the valence-band or a state 
near the valence-band, then the transition strength is stronger 
15 xf the initial state is closer to the conduction-band. 

Deep-level-to-conduction-band and deep-level-to- 
valence-band transitions are strongest when the final energy is 
about , VAv beyond the band edge/ ^ ^ ^ ^ 

level-to-conduction-band transitions, meff is the oonduction _ 

20 band effectiveness for aeep-level-to-conduction-band 

transitions and where, in the case of deep-level-to-valence-band 
transitions, » eff is the heavy . hole e£(ecUve . mass ^ ^ 
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level-to-valence-band transitions. Thus, deep-level-to-valence- 
band transitions would exhibit a narrow optical transition 
spectrum, and deep-level-to-conduction-band transitions would 
exhibit a broader optical transition spectrum. Devices 
5 requiring a narrow optical transition spectrum would therefore 
benefit from using a deep-level-to-valence-band transition, and 
devices requiring a broad optical transition spectrum would 
benefit from using a deep-level-to-conduction-band transition. 
The spectrum of the deep-level-to-conduction-band transitions is 
10 broader than the spectrum of deep-level-to-valence-bands by 

about a factor of ni£IH/ m CB* 

Deep-level-to-valence-band transitions show a higher 
peak (by about a factor of mnn/^CB) in the optical transition 

spectrum than deep-level-to-conduction-band transitions. Thus, 
15 devices requiring a strong peak in the optical transition 

spectrum would benefit more from using a deep-level-to-valence- 
band transition, rather than from using a deep-level-to- 
conduction-band transition. 

The deep-level optical transition strength is 
20 proportional to the Kane matrix element (written in the 

literature as P or <s|z|z>). For stronger deep-level optical 
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transitions, one should choose a host material having a stronger 
Kane matrix element . 

Thus, design constraints on the transition strength 
may determine where one seeks to place the deep-level within the 
bandgap of the host semiconductor . This, in turn, may determine 
which deep-center one employs in the host semiconductor. 

There typically exists a minimum deep-center 
concentration which allows sufficient transport (current) 
through the deep-center states. This minimum deep-center 
concentration is determined by the spatial extent of the deep- 
center bound-states: current through the deep-center states is 
dramatically larger when the deep-center spacing is comparable 
to the spatial extent of the deep-center bound state. This 

3 

minimum deep-center concentration is about OC /8, where l/OC is 

the radius of the spatial extent of the deep-center bound-state. 
Typically, one would expect to start seeing a large current 
through the deep-level energy-band when the concentration is 

3 

greater than about O.OOlOC . 

In device design or materials choice, this suggests 
that one choose large values of the deep-center concentration or 

small values of OC. Small values of Ot are possible for smaller 
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bandgap materials (smaller Eg), weaker Kane matrix element 
(smaller P) , and more shallow deep-levels (deep-level E<j values 
away from midgap; i.e., E<j closer to either 0 (the valence-band) 

or Eq (the conduction-band) ) . 

5 For light-emitters (laser diodes and light-emitting 

diodes), nonradiative Auger recombination should be reduced. If 
the optical transition is a deep-level-to-valence-band 
transition, one should minimize the number of conduction-band 
electrons: that is, make the number of conduction-band electrons 

10 a lot less than the number of electrons in the deep-level-band. 
To reduce the number of possible Auger transitions involving 
deep-level electrons, make the deep-level closer ( i.e. , below 
mid-gap) to the valence-band than to the conduction-band. To 
reduce the number of holes participating in Auger processes, 

15 choose an optimal hole injection concentration: that is, make 
the hole injection just large enough to sustain population 
inversion, because deep-level-to-deep-hole transitions are weak 
and Auger rates are large for larger hole injection. An optimal 
hole-quasi-Fermi-level will be determined by the amount of loss 

20 in the system; however, this optimal hole-quasi-Fermi-level will 
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be on the order of h 2 a 2 /2m eff ( i.e. , between about 0.03 and 30 
times h 2 a 2 jlm eff ) below the valence-band edge, where itieff is the 
hole (light-hole or heavy-hole) effective mass. Most likely, 
the optimal hole-quasi-Fermi-level will be about ti 2 a 2 j2m eff . 

5 However, if the Auger coefficients are very small, the optimal 
hole-quasi-Fermi-level could be much higher (deeper into the 
valence-band) . Similarly, if the Auger coefficients are very 
large, the optimal hole-quasi-Fermi-level could be much lower 
(very shallow in the valence-band) ♦ 

10 If the optical transition is a conduction-band-to- 

deep-level transition, one should minimize the number of 
valence-band holes: that is, make the number of valence-band 
holes a lot less than the number of holes in the deep-level- 
band. To reduce the number of possible Auger transitions 

15 involving deep-level holes, make the deep-level closer ( i.e. , 
above mid-gap) to the conduction-band than to the valence-band. 
(This makes the energy conservation rule of the Auger 
nonradiative process harder to satisfy.) To reduce the number 
of electrons participating in Auger processes, choose an optimal 

20 electron injection concentration: that is, make the electron 
injection just large enough to sustain population inversion, 
because deep-level-to-high-energy-electron transitions are weak 
and Auger rates are large for larger electron injection. An 
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optimal electron-quasi-Fermi-level will be determined by the 
amount of loss in the system; however, this optimal electron- 
quasi-Fermi-level will be on the order of h 2 a 2 jlm eff ( i.e. ; 

between about 0.03 and 30 times h 2 a 2 j2m eff ) above the conduction- 

5 band edge, where m e ff is the conduction-band effective mass. 

For photodetectors, the deep-level-to-conduction band 
transition is strongest for transitions to about h 2 a 2 /2m eff ( i.e. , 

between about 0.03 and 30 times h 2 a 2 /2m eff ) above the conduction- 
band edge, where m e ff is the conduction-band effective mass. For 
10 photodetectors, the valence-band-to-deep-level transition is 
strongest for transitions from about h 2 a 2 j2m eff ( i.e. , between 

about 0.03 and 30 times % 2 a 2 /2m eff ) below the valence-band edge, 

where m e ff is the heavy-hole effective mass. 

A presently-preferred embodiment of the invention 
15 involves photodetectors and emitters in GaAs or GaP comprised 
of: 

• a top contact made from metal ( e.g. , Cr, Ti, Cr-Au, 
or Ti-Au) , oxide, or semiconductor material (either 
doped n-type or p-type, or unintentionally-doped) , 
20 having a Fermi-level within the bandgap of the 

optically-active semiconductor material containing 
the deep-levels; 
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Semiconductor (e.g., GaAs or GaP) with deep-levels 
(such as low-temperature-grown (LTG) GaAs, or GaAs 
doped with Cu or Cr or Fe; LTG GaAs may be 
additionally doped either p-type or n-type, or uid; 
LTG-GaAs may be grown at different growth rates and 

temperatures; LTG-GaAs may receive additional heat 

treatment) ; 

• (an optional) Semiconductor (GaAs or GaP) buffer 
layer (which separates the optically-active 
semiconductor (GaAs or GaP) with deep-levels from 
the bottom contact; the buffer layer may or may not 
be doped) ; and, 

• a bottom contact (semiconductor (GaAs or GaP) doped 
either p-type or n-type, depending on whether the 
deep-level transition involves the conduction or 
valence band) . 

Deep-level engineering, as taught herein, has many 
useful applications in the design of semiconductor devices. 
Such applications may include: 

• Optical emitters (such laser diodes, light-emitting- 
diodes), including 1.3-1.55jim wavelength devices 
directly on GaAs or GaP or Si, and visible 
wavelength (red or yellow or green) LEDs on a GaP or 
Si substrate; 
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Optical detectors (such photoconductive and 
photovoltaic detectors, photodiodes, avalanche 
photodiodes, metal-semiconductor-metal 
photodetectors, multiple-wavelength detectors 
connected in series on the same substrate, 
phototransistors (using deep-level optical 
transitions, and transistor for gain) ) , including 
1.3-1. 51pm wavelength devices directly on GaAs or 
GaP or Si; 

Electroabsorption modulators (devices in which 
electric fields modulate the absorption properties 
of the deep-level transitions), including 1.3-1. 5pm 
wavelength devices directly on GaAs or GaP or Si; 
Electrorefractive modulators (devices in which 
electric fields modulate the refractive index of the 
semiconductor having deep-levels), including 1.3- 
1.5pm wavelength devices directly on GaAs or GaP or 
Si; 

Devices utilizing the nonlinear optical properties 
of deep-level transitions ( e.g. , using electric 
fields to change nonlinear susceptibility x n ) 
including four-wave mixing, second-harmonic 
generation, heterodyne and superheterodyne 
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detection, photorefractive effect, and saturable 
absorbers utilizing deep-levels; 
Same as the previous six, but with multiple 
wavelengths (conduct ion- to-valence-band, deep-level- 
to-deep-level, deep-level-to-conduction-band, and 
deep-level-to-valence-band) all on the same 
substrate; 

Tandem solar cells and tandem thermophotovoltaic 
(TPV) cells, where one connects in series several 
solar cells and/or several TPV cells of several 
different transition energies (conduction-to- 
valence-band, deep-level-to-deep-level, deep-level- 
to-conduction-band, and deep-level-to-valence-band) , 
in order to maximize power conversion efficiency; 
Resonant-tunneling-diodes, where tunneling occurs 
via the deep-level state; 

Electrically and/or optically bistable devices using 
the negative-differential-resistance resulting from 
either optical transitions involving deep-levels 
and/or electrical transport through deep-levels or 
changes in optical properties resulting from an 
incident optical beam; 
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• Terahertz oscillators using resonant-tunneling- 
diodes having deep-levels; and, 

• Transistors employing the deep-level transition as a 
base, emitter, or collector, or electrical contact 

5 region. (Such deep-level transitions can be used to 

simulate a smaller "bandgap" in the base region.) 
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